We have developed a rapid and easy to perform fluorescence in situ hybridization test that allows specific identification of trypanosomes from the subgenus Trypanozoon, using peptide nucleic acid probes. Probes were designed to target subgenus-specific sequences on the multiple-copy 18S rRNA, greatly facilitating the detection of a single trypanosome.
We have developed a rapid and easy to perform fluorescence in situ hybridization test that allows specific identification of trypanosomes from the subgenus Trypanozoon, using peptide nucleic acid probes. Probes were designed to target subgenus-specific sequences on the multiple-copy 18S rRNA, greatly facilitating the detection of a single trypanosome.
Trypanosomes belonging to the subgenus Trypanozoon are protozoan extracellular parasites that undergo continuous antigenic variation (14) . Tsetse-transmitted Trypanosoma brucei gambiense and T. brucei rhodesiense cause human African trypanosomiasis (sleeping sickness) and occur in West-Central and East Africa, respectively. Animal infections with T. brucei brucei, Trypanosoma congolense, and Trypanosoma vivax appear through the whole African tsetse belt, while non-tsetsetransmitted Trypanosoma equiperdum and Trypanosoma evansi are found worldwide (5, 7, 8) . Diagnosis of human and animal infections is usually based on recognition of clinical manifestations and the detection of parasites by microscopy (21), combined, in the case of T. brucei gambiense infections, with a card agglutination test for trypanosomiasis (13) . Here, we present a newly developed diagnostic assay based on the use of peptide nucleic acid (PNA) probes. These molecules are pseudopeptides that hybridize to complementary nucleic acid targets (DNA and RNA). In PNA, the counterpart of the sugar phosphate backbone of DNA and RNA is a polyamide formed by repetitive units of N-2-aminoethyl glycine units to which nucleobases are covalently attached (3, 17) . Previously, PNA fluorescence in situ hybridization (FISH) tests targeting rRNA have been used to differentiate and/or identify yeast and bacterium species (17) (18) (19) .
For this study, trypanosomes, Leishmania donovani, and Plasmodium falciparum AS strain were obtained from the Institute of the Tropical Medicine, Antwerp, Belgium, and the Swiss Tropical Institute, Basel, Switzerland (Table 1) . Other species such as Escherichia coli 25922 and Saccharomyces cerevisiae 4098 were obtained from the American Type Cell Collection, Manassas, Va. All analytical samples were fixed at 4°C for 1 h with 1 ml of 1.5% formaldehyde-PBS. After centrifugation at 10,000 ϫ g for 10 s, pellets were resuspended and treated with 50% ethanol (Merck)-MilliQ water solution for a minimum of 1 h at Ϫ20°C. Next, 10 l of sample suspension was applied onto a microscopy slide and dried for 10 min at 60°C. Alternatively, thin blood smears were prepared using 2 l of human and mouse blood containing various trypanosomes. Next, smears were fixed with methanol (Merck) for 5 min at room temperature and air dried. For cytospin analysis of blood samples, erythrocytes were first lysed with erythrocyte lysing buffer from Qiagen (Westbourgh, The Netherlands). Cell suspensions (200 l) were centrifuged and spotted onto microscopy slides using a Stlandos/Elliott cytospin. Slides were air dried and fixed with methanol as described above.
In order to identify targets for the design of PNA probes, database-available Trypanozoon 18S ribosomal DNA sequences were aligned. BLAST searches did not detect any other protozoan ribosomal DNA sequences with a 100% identity match to the selected target sequences. Three 13-to 15-nucleotide-long PNA probes-Tbr7 (CGGAACCCAGCCA), Tbr16 (GCCCTAACAGGTGTG), and Tbr18 (GTTGCCAC CAGCAGT)-were synthesized. For the analysis of PNA binding, total RNA was extracted from DE52-purified trypanosomes (12) or parasite-spiked blood, using a Qiagen extraction kit, and dot blot hybridization was performed as described before (6) . Briefly, 20 ng in 10 l of total RNA was blotted onto nylon membranes (Gibco-BRL), which were subsequently incubated in hybridization buffer with 400 nM PNA probes for 60 min at 45 or 55°C. Next, membranes were washed three times for 5 min at 50°C, and development was carried out as described before (6) .
The PNA FISH itself was performed as previously described (17) . Briefly, smears were treated with 20 to 40 l of 400 nM fluorescein-labeled PNA probe in hybridization buffer and hybridized at 45 or 55°C for 90 min. The excess of PNA probe was removed by immersion of the microscope slides into in prewarmed (45°C) washing buffer for 30 min. The slides were further analyzed using fluorescence microscope (Leica) as described before (17) .
In order to validate the fluorescein-labeled PNA probes, they were first tested for their specificity in dot blot hybridization, using RNA of various reference trypanosomes as well as control pathogenic and nonpathogenic microorganisms ( Table  1) . As shown in Fig. 1 , at 45°C, PNA probes Tbr7 and Tbr18 hybridized strongly to RNA of T. brucei gambiense, T. brucei rhodesiense, T. brucei brucei, T. evansi, and T. equiperdum (Trypanozoon subgenus) and a human blood sample spiked with T. brucei rhodesiense. PNA probes Tbr7 and Tbr18 did not hybridize to control RNA sequences of Nannomonas (T. congolense), P. falciparum, L. donovani, E. coli, or S. cerevisiae (Fig. 1) . PNA probe Tbr16 gave a strong hybridization signal at 55°C, detecting RNA of all Trypanozoon species, while slightly cross hybridizing to RNA of T. congolense from the subgenus Nannomonas. The same PNA probe did not hybridize to the remaining control RNA sequences (Fig. 1) . A universal PNA probe (EU/uni2) targeting many known eukaryotic sequences served as a positive control for the RNA preparations (Fig. 1) .
Next, PNA probes were tested in slide-based FISH for direct trypanosome identification in smears of purified parasites as well as blood and tissue samples. Concordant with the dot blot results, a clear and strong fluorescence signal was obtained with PNA probes Tbr17 and Tbr18 using 90 min of hybridization at 45°C. Probe Tbr16 strongly hybridized at 55°C. As demonstrated in Fig. 2 A to C using all probes, individual parasites were easily detectable by their bright green fluorescence, localized in the trypanosome cytoplasm. The fluorescent signal was absent in DAPI (4Ј,6Ј-diamidino-2-phenylindole)-stained organelles such as nucleus and kinetoplast. The negative control PNA probe specific for Staphylococcus aureus did not hybridize to any trypanosome 18S rRNA (Fig. 2D) . Similar results were obtained when analyzing thin smears of trypanosome-containing human or mouse blood and spleen or liver cell suspension smears that had been prepared as described earlier (16) . Here, a single parasite could be detected in a 2-l blood smear. This corresponds to 500 trypanosomes/ml of blood, i.e., a detection limit 100 times more sensitive than the conventional counting chamber detection limit. This detection limit was further improved when PNA FISH was combined with a cytospin technique. Using serial dilutions of parasiteblood samples, a single parasite in a 200-l volume could be detected, thus equaling a detection limit of five parasites/ml. To date, control of sleeping sickness heavily relies on active patient diagnosis and correct drug treatment (21) . As conventional parasite detection by microscopy suffers from limited sensitivity, we present in this paper a new diagnostic test, the Trypanozoon-specific PNA FISH. This test facilitates the microscopic detection of a single trypanosome cell by targeting widely distributed and conserved cytoplasmic multicopy 18S rRNA sequences with PNA probes. Advantages of the PNA probes are as follows. (i) They are designed by BLAST search to match specifically phylogenetically highly conserved Trypanozoon 18S rRNA, avoiding loss of detection by antigenic variation and avoiding cross-reactivity with other protozoan parasites.
(ii) Their high hybridization performance saves time over DNA-based hybridization (1, 2, 14) . (iii) Their resistance to cellular proteases and nucleases makes them less prone to degradation during hybridization procedures (3, 17) . (iv) Methanol-fixed smears prepared for Plasmodium screenings can be costained for PNA FISH analysis. (v) The use of fluorescence microscopy makes Trypanozoon PNA FISH adaptable to the majority of clinical laboratories.
In the past, various PCR tests have been developed to detect trypanosomes. Although primers were derived from the repetitive DNA sequences, the detection limit obtained with blood samples was only in the range of 40 trypanosomes/ml of blood. This is not significantly different from conventional parasitological laboratory detection techniques such as the mini-anionexchange column technique (4, 9-11, 15, 20) . In comparison, Trypanozoon PNA FISH with undiluted thin blood smears is a much-simplified rapid way of specific parasite detection, still reaching a detection limit of 500 trypanosomes/ml of blood. By adding a cytospin step, this limit can be improved to five parasites/ml, equaling an optimal PCR detection limit on blood samples. To prove the test's field reliability in detection of sleeping sickness in the different infection foci known today, future on-site studies will be needed. However, based on the blood-spiked tests provided here, PNA FISH looks to be a promising new tool in the fight against sleeping sickness.
